Graphene plasmons (GPs) are electromagnetic waves propagating along a graphene layer [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Their electrostatic tunability and extremely short wavelength, p λ , being much smaller than the corresponding photon wavelength in free space, 0 λ , promise exciting opto-electronic applications at the nanoscale. At infrared frequencies, GP wavelengths as short as 200 nm have been already observed experimentally 8, 9 . Due to their extremely high momentum, GPs strongly concentrate electromagnetic energy, promising novel nanoscale photonic applications such as ultracompact tunable plasmonic absorbers 11, 12 , sensors, waveguides or modulators 10, 13 . However, the huge momentum mismatch between free space photons and GPs challenges the efficient coupling between them.
Recently, it has been reported that propagating GPs can be excited by the strongly concentrated fields at the apex of metallic near-field probes 8, 9 . The efficiency of the excitation mechanism, however, is unknown and expected to be low. Further, the experimental configuration of near-field microscopy does not constitute a practical solution for the development of integrated GP devices. The design of efficient couplers for GPs still remains a challenging task.
Several other configurations to overcome the momentum mismatch between the incoming light and GPs have been studied theoretically. For example, a periodic grating (placed for instance on top of a dielectric waveguide) with sufficiently short period Λ can compensate the mismatch due to Bragg scattering in different diffraction orders n following the expression Another classical geometry common for the excitation of surface plasmons is the prism coupling method 16 . Taking into account the large GP momenta at mid IR and THz frequencies, the refractive index of the prism would need to be very large (~10-100), and thus practically not available.
We could also think of the excitation of GPs by compression of the photon wavelength in a dielectric waveguide with gradually increasing refractive index ( ) n n x = and subsequent waveguide coupling to GPs, analogous to coupling plasmons in metal films to dielectric waveguides 17, 18 . However, compression of the mode wavelength in dielectric waveguides to the scale of GPs would again require materials with refractive indices up to 10 to 100 (as in the case of a prism coupler), which do not exist in nature at optical and infrared frequencies. Metamaterials could be used instead, which have been shown to support optical modes with ultrahigh refractive indices 19 . In this case, however, one faces an extremely challenging and highly demanding fabrication process.
Here, we introduce a novel concept (illustrated in Fig. 1 ) for the efficient launching of graphene plasmons based on the compression of surface polaritons (SPs) on tapered slabs of a bulk (3D) material supporting either surface phonon polaritons (SPhPs, for example on SiC slabs, or surface plasmon polaritons (SPPs, for example on highly doped n-GaAs slabs. The coupling mechanism is as follows: first, an incident propagating light beam is coupled via total internal reflection to an SP on a relatively thick slab (Otto prism coupling 20, 21 ) 22 . The thickness of the slab is chosen such that the SP wavelength can be easily matched by the photon wavelength in the prism, enabling high coupling efficiencies 20, 21 . Subsequent propagation of the SP along a tapered slab yields a compression of its wavelength. The slab thickness is gradually reduced until the SP wavelength matches that of the GPs. Finally, by placing the graphene above the thinned slab, the field of the SP couples efficiently to the GP.
We note that SPP compression on metal tapers has been already demonstrated at visible frequencies [23] [24] [25] [26] . However, at mid-IR and THz frequencies, well below the plasmon resonance frequency, the compression of electromagnetic energy does not provide the necessary wavelength reduction, even if the mode diameter is compressed to below 100 nm 27, 28 . In order to achieve wavelength compression, the dielectric permittivity of the taper material, m ε , needs to satisfy Re( ) 1 highly doped semiconductors such as n-GaAs 30 and polar crystals such as SiC [31] [32] [33] fulfill these requirements in the infrared and mid-infrared spectral range, where GPs currently attract much interest 10, 11 .
We first consider the dispersion relation of SPs in thin slabs of constant thickness d. 
This shows that SPhP in a very thin 3D SiC slab have the same dispersion as GPs (2), with the effective normalized conductivity eff α proportional to the thickness of the layer d. We would also like to point out the recent experimental observation of SPs in thin slabs of hBN 37 .
SPs with extraordinarily high wavevectors -similar to GPs -can be also supported by thin slabs of a doped semiconductor material, as we demonstrate in Figs. 2c,d for the case of n-doped GaAs with a carrier density of 20 3 n=10 cm − and mobility of Such wavelength adjustment can be accomplished by simply reducing the slab thickness from a few hundreds of nm to a few tens of nm. In particular, the wavelength reduction offers the possibility to couple photons to GPs by propagating SPs along tapered slabs. In Fig. 3 we demonstrate the compression of SPhPs and SPPs on tapered SiC (Fig. 3a,b) and n-GaAs (Fig. 3c,d) We finally demonstrate in Fig. 4 how the compression of SPs on tapered slabs can be employed for the efficient launching of GPs. We consider in the following a tapered SiC slab, because of the relatively weak losses during the mode compression. In order to achieve effective coupling to GPs, the graphene sheet is placed at a distance of 150 nm above the thin SiC slab extending from the taper. From the point of view of fabrication, this could be accomplished by depositing a thin dielectric layer onto the SiC slab (for instance CaF 2 or SiO 2 ) and then the graphene on top of this layer (see transfer into the graphene layer (see Fig. 4(b) ). We find the maximum efficiency for taper angles θ = 15 and 11.5 degrees, respectively, which we explain by the compromise between field absorption in the taper (increasing with increasing taper length, i.e. smaller taper angle) and back reflections at and inside the taper (increasing with increasing taper angle, owing to an increasing impedance mismatch).
In Fig 5b we study how the efficiencies depend on the frequency. Each spectrum shows a resonance peak, which appears at the frequency where the SPhP and GP dispersion curves cross, i.e. where the momentum of the SPhP best matches the GP momentum (see Fig. 2a ). Note that the curves in Fig. 5a were calculated at the frequencies where the efficiency reaches its maximum ( 877 cm -1 for the red curve and 855 ω = cm -1 for blue curve, respectively).
According to the results presented in Fig. 5 , the maximum efficiency of the coupler is higher than 25% at a frequency 877 ω = cm -1 . This is a rather large value, especially when considering that the coupling length is comparable to the GP wavelength and that the SP mode is progressively absorbed during its propagation along the taper. To better understand the coupling losses, we evaluated the coupling efficiency independent of the taper (see Supporting Information). To that end, we calculated the coupling of SPhPs in an untapered 50 nm-thick SiC slab (corresponding to the thinnest part of the taper) to GPs. We found a coupling efficiency of about 70% at 877 ω = cm -1 . This means that the main amount of losses are due the SPhP compression in the taper, and not due losses during the coupling process.
In conclusion, we have demonstrated that by propagating surface phonon or plasmon polaritons along tapered slabs of a bulk (3D) polaritonic material, it is possible to efficiently launch graphene plasmons with a predicted efficiency of more than 25 %.
We further stress that thin slabs of bulk (3D) polaritonic materials -by themselvescould become an interesting platform for the development of short-wavelength surface polariton photonics for sensing and communication applications, particularly in the infrared spectral range where phonons and plasmons in materials such as SiC or n-GaAs exhibit low losses compared to plasmonic materials typically used at visible and near-IR frequencies (e.g. gold).
Acknowledgements
This work was financially supported by the ERC Starting Grant No. 258461
(TERATOMO) and EC under Graphene Flagship (contract no. CNECT-ICT-604391).
AYN acknowledges the Spanish Ministry of Science and Innovation grant MAT2011-28581-C02.
Methods
The calculations have been performed with the help of the finite elements methods using Comsol software. In order to simulate the propagation of the polaritonic mode, the profile of the mode in the analytical form has been set in the boundary conditions for the left boundary of the rectangular domain. The graphene layer has been modeled as a surface current in the boundary conditions. The domain has been discretized by using an inhomogeneous free-triangulat mesh with the maximal element size being less than 5% of the local spacial oscillation period of the field. The convergence has been assured both for electromagnetic fields and power fluxes (see Supporting Information).
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